Abstract: This paper proposes a solution to the cross-a-door problem in unknown environments for a robotic wheelchair commanded through a Human-Machine Interface (HMI
Introduction
The integration of robotic issues into the medical field has become of great interest in recent years. Service, assistance, rehabilitation and surgery are the more benefited human health-care areas by the recent advances in robotics. Specifically, autonomous and safe navigation of wheelchairs inside known and unknown environments is one of the important goals in assistance robotics. A robotic wheelchair can be used to allow people with both lower and upper extremity impairments or severe motor dysfunctions overcome the difficulties in driving a wheelchair. The robotic wheelchair system integrates a sensory subsystem, a navigation and control module, and a user-machine interface to guide the wheelchair in autonomous or semi-autonomous mode (Mazo, M., 2001; Bourhis, G. et al., 2001; Zeng, Q. et al., 2008; Parikh, S. et al., 2007) . In autonomous mode, the robotic wheelchair goes to the chosen destination without any participation of the user in the control process. This mode is intended for people who have great difficulties to guide the wheelchair. In the semi-autonomous mode the user shares the control with the robotic wheelchair. In this case only some motor skills are needed from the user. A door crossing system becomes a very important module for autonomous navigation of vehicles because when combined with wall-following and corridorfollowing modules renders a complete navigation system for indoor environments. For example the works (Muñoz, R. et al., 2005) and (Poncela, A. et al., 2007) use door crossing, wall-following and corridor-following as skills (ability to accomplish certain sub-goal) in the navigation system for autonomous mobile robots. However, these works do not consider smooth movements of the vehicle neither narrow doorway-crossing in the design of the door crossing system, which are common requirements in the design of robotic wheelchair navigation architectures. One of the solutions to the autonomy problem of mobile vehicles can be provided by the implementation of a SLAM (Simultaneous Localization and Mapping) algorithm (Siegwart, R. & Nourbakhsh, I. R., 2004) . SLAM is a recursive probabilistic algorithm that concurrently builds a map of the environment while it localizes the mobile vehicle at the same time, minimizing errors (Dissanayake, G. et al., 2001) . Although this algorithm is processing time-demanding, it becomes a powerful solution when the vehicle has to navigate through unsensored or unknown environments, obtaining a reliable map of it (Kouzoubov, K. & Austin, D., 2004) . From its early beginning, the SLAM has been implemented in several algorithms (Chatila, R. & Laumond, J. P., 1985; Siegwart, R. & Nourbakhsh, I. R., 2004) , being the EKF (Extended Kalman Filter) the most used by the scientific community (Durrant-Whyte, H. & Bailey, Durrant-Whyte, H. & Bailey, T., 2006a) . The Particle Filter (PF) and the Unscented Kalman Filter (UKF) have proven to be better approaches to the SLAM problem. The Particle Filter solves the gaussianity restriction of the models involved in the SLAM (Thrun, S. et al., 2005) whereas the UKF has shown a better performance dealing with non-linear models of the vehicle and the measurements (Thrun, S. et al., 2005) . Despite of the fact that the map built by the SLAM could be of different types -topological, metric, hybrid (Thrun, S. et al., 2005) -the most used map is a metric featurebased map, which extracts some geometrical constrains from the environment -e.g., corners, lines, color patterns (Xi, B. et al., 2008 )-. These features are then used to localize the vehicle inside that environment. Different Human-Machine Interfaces (HMI) have been proposed in the scientific literature to drive a mobile robot motion -including a robotic wheelchair-. A HMI could be any interface that uses somehow, human physiological signals to command a given device (Ferreira, A. et al., 2008) . In (Galan, F. et al., 2008) a continuos Brain-Computer control is made to command the mobile robot motion along a predefined path. In (Millan, J. R. et al., 2004) , a non-invasive Brain-Computer Interface (BCI) is used to drive a robot by three basic commands and in (Ferreira, A. et al., 2008) different HMI are presented using electromyograhyc signals to command the robot's movements. All these HMI share the following feature: they use the robotic device as an actuator, leaving it without any kind of intelligence nor autonomy and only with a basic low level behavioral control. The robot is constrained to execute a few basic movements commanded by the HMI, such as: turn to the right/left, move forward, move backward and stop. These commands are generated by a Finite State Machine (Millan, J. R. et al., 2004) . When a robot is commanded by this kind of HMI, it is not able to perform activities that demand high precision movements or to reach places in the environment following pre-established trajectories. In this paper, a solution to the cross-a-door problem in unknown environments for a robotic wheelchair is proposed. The wheelchair is commanded by a HMI that could be adapted to the patient's needs (a BCI or a Muscle-Computer Interface) until a door of the environment is detected. The aim of this work is to present a system that automatically steers the wheelchair with smooth movements through common doorways. These doorways are narrow considering the wheelchair's size, so the use of advanced techniques in the automatic system is required to reach the objectives. The vehicle is of unicycle type with two independent motors and a mini-PC onboard. It is also equipped with a range laser sensor to obtain measurements of the environment. When the patient chooses to cross a detected door, the problem is solved by a dynamic path planning algorithm implementation, based on successive frontier points determination. An adaptive trajectory tracking control based on the dynamic model is implemented on the vehicle. These kinds of controls are designed for mobile vehicles that transport heavy loads (the case of a wheelchair) and/or execute high velocity tasks. The controller drives the wheelchair motion along the path in a smooth movement. An EKF feature-based SLAM is also implemented on the vehicle. The SLAM gives an estimate of the wheelchair pose -position and orientation-inside the environment with minimized errors, which is then used by the trajectory controller. The SLAM allows the map reconstruction of the environment for future safe navigation purposes. The features extracted correspond to lines and corners -concave and convex-of the environment. This paper is organized as follows. Section 2 shows the general architecture of the system, explaining the meaning and functionality of each part of the system: doors detection algorithm, dynamic path planning, EKFbased SLAM and the trajectory tracking controller; section 3 shows the implementation results of the entire system and section 4 contains the conclusions of the work. Figure 1 shows the architecture of the system proposed in this paper. This system works as follows. The robotic wheelchair navigates inside the environment commanded only by the user through the HMI. Once a doorway of the environment is detected, the vehicle stops its motion and displays a window to the user, showing him/her the option of crossing the detected door. If the user does not accept this option, he/she continues commanding the wheelchair's motion. On the other hand, if the user accepts the crossing-a-door option, a free-obstacle path is generated between the doorway and the wheelchair's location. The path is dynamically maintained and is based on a variation of the local frontier points method (Tao, T. et al., 2007) . A trajectory controller is activated in order to ensure a smooth and time-constrained movement of the vehicle through the environment until it reaches the doorway. The vehicle's pose information used in the controller is generated by a SLAM algorithm. The variables of the SLAM system state are expressed in a fixed coordinate system attached to the floor at the vehicles's initial position in the cross-a-door procedure. The SLAM algorithm is a sequential EKF feature-based SLAM (Thrun, S. et al., 2005) . This algorithm extracts corners -concave and convex-and lines of the environment to estimate the wheelchair position and orientation. The control commands and the doorway location are also introduced into the SLAM algorithm. The SLAM system state considers the doorway as a special feature of the environment. The trajectory tracking controller is a switching adaptive controller that takes into account the dynamics of the wheelchair. The doorway detection algorithm used in this paper is able to recognize three different doorways disposition inside the environment. Once the doorway is reached by the vehicle, the motion control returns to the HMI. Each block's functionality of Fig. 1 will be explained in the following sections.
General system architecture

Robotic Wheelchair
The autonomous wheelchair used in this work has the kinematics of an unicycle type vehicle with two independent motors -one for each wheel-. Although odometric measurements were not used in this work, each wheel is equipped with an encoder. The wheelchair also has a range laser SICK ® , which takes 181 measurements of the environment in a range of 180 degrees. A mini-pc is also incorporated to the vehicle. Figure 2 shows the schematic of the wheelchair. In Fig. 2 , the point h is the point of interest with coordinates x and y; the variables u and ω are the linear and angular velocity respectively; x and y represent the location of the vehicle in the fixed coordinate system; Ψ is the vehicle's orientation. The kinematic equations of the autonomous wheelchair are summarized in (1) -continuous case-and (2) -discrete case-.
In (1) and (2), Φ is the Gaussian noise associated to the kinematics model of the vehicle; Δt is the system sampled time. In (Bastos Filho, T. F. et al., 2007) there is a complete reference of the robotic wheelchair used in this work.
Human-Machine Interface
Although the System Architecture shown in Fig. 1 is not restricted to a specific HMI -the HMI specification depends on the patient's capabilities-, a Brain-Computer Interface (BCI) was used in this work. This BCI is based on the ERS (event related synchronization) and ERD (event related Fig. 3 . The BCI Architecture. The EEG signal is acquired from the occipital lobe of the user, then it is filtered and scaled to an appropriate signal value; finally, the ERS/ERD events are extracted and sent to the Asynchronous Finite State Machine which converts them in motion commands.
desynchronization) signals obtained from the occipital lobe of the user. These ERS/ERD events are related to the relaxation and concentration mental states of the visual cortex (Ferreira, A. et al., 2008) . When an ERS is presented, the electromyografic (EEG) signal increases up to 50 times its energy in the frequency range of 11 -13 Hz (relaxation mental state) with respect to an ERD (concentration mental state). This particular event will be used for generating the motion commands. Two noninvasive electrodes are placed on the O1 and O2 positions on the scalp of the patient -see Fig. 3 -and the EEG signal acquired is sent to the BCI for its processing and classification. Once the ERS or ERD event is detected and classified, it becomes the input alphabet of an Asynchronous Finite State Machine (AFSM). This AFSM translate the ERS and ERD events to motion commands. Considering that the ERS and ERD signals generation responds to the user's intentions, the output alphabet of the AFSM contains the motion commands of the robotic wheelchair. The six motion commands sent by the HMI to the vehicle are: start motion, turn to the left, turn to the right, move forward, move backward and stop motion. Both, linear and angular motions are executed by a PIDcontroller which attains velocities appropriate to the user. The BCI also has a low behavioral control law to avoid collisions of the vehicle. The entire BCI used in this work can be found in detail in (Ferreira, A. et al., 2008) . If a door is detected during the navigation commanded by the user's EEG signals, a display with a questionconcerning the crossing the door action-shows up to the user in the visualization panel of the robotic wheelchair. The robot stops its motion and waits for the user response wether he/she accepts or rejects crossing the detected door. This situation is shown in Fig. 4 . If the user accepts to cross the detected door, then the procedures shown in the following sections are carried out; otherwise the motion control returns to the BCI. In the visualization panel shown in Fig. 4 , the option selection is also governed by the BCI. In this specific case, if an ERS is presented during the first 15 seconds after the door's detection, means that the user accepts to cross the door, otherwise he/she rejects that action. Fig. 4 . Visualization of a door detection procedure. If more than one door is detected, the system first asks for the rightest door. If the user rejects it, the system asks for the second rightest door and continues so far until a door -or none-is selected. In all cases, the detected doorway is represented by its middle point.
Doorway Detection Procedure
The doorways detection algorithm implemented in this work is based on an adaptive clustering algorithm which uses the information contained in the laser histogram measurements to detect the doorways of the environment (Fukunaga, K., 1990) . Only an open doorway is considered. When a possible doorway is recognized, the features -lines and corners-surrounding the doorway are analyzed. Thus, if a doorway and their surrounding features match with one of the three cases shown in Fig.  5 , then the doorway is recognized as such. The three cases of doorways, classified according to their disposition inside the environment that the robot is able to detect, are shown in Fig. 5 .
Once an open doorway is detected, it is represented by its middle point as it is shown in Fig. 5 . The middle point of the doorway is represented in the fixed coordinate system, and has its covariance matrix attached to it (Guivant, J. E. & Nebot, E. M., 2001).
Path Planning Algorithm
Once an open doorway is detected in the environment, a feasible path is generated from the vehicle's position to the middle point of the doorway allowing the autonomous wheelchair to cross it. The path planning algorithm implemented in this work is based on a variation of the frontier points method (Tao, T. et al., 2007) . This method finds empty spaces at the limits of the range sensor measurements and drives the motion of the mobile robot to these zones. The algorithm works as follows.
• Let δ be the distance between the vehicle and the middle point of the doorway.
• Let the distance between nodes of the path be selected as Δd. Let the middle point of the doorway be the last node of the path, and the vehicle's position (position of h in Fig. 2 ) the first node.
• Then, let suppose that the laser range is of δ-Δd. The next node of the path is obtained by an angle windowing search of the frontier point associated to that laser range.
• Now consider that the range of the laser is of δ − 2Δd.
This procedure continues until a node is close to the vehicle. In this paper, the last node obtained by the frontier points method is located at a distance of 0.5 m to the wheelchair. The distance of 0.5 m was established considering that the larger size of the vehicle is 0.6 m.
• Once the node generation is completed, they are joined by a sp-Line (Gentle, J. E. et al., 2004) in order to obtain a kinematically plausible path for the unicycle vehicle navigation (Laumond, J. P., 1998) . A path that does not belong to C 2 means that it is not a kinematics plausible path for an unicycle vehicle navigation (Siegwart, R. & Nourbakhsh, I. R., 2004) .
• The path is also dynamically maintained. Once the vehicle reaches the closest node to it, the entire path is reformulated. This situation is useful for environments a) b) c) with moving agents. The path generation is built in real time; the vehicle does not stop its motion.
• All nodes are determined in a local reference frame attached to the vehicle. The general algorithm mentioned before is presented in Algorithm 1.
Doorway Detection (i)
if ( The Algorithm 1 describes the process of finding a path through the environment to reach the doorway. If a doorway is detected (sentence (i)) then sentences from (ii) to (x) are executed. Thus, from a range of δ to 0.5 m the vehicle searches for possible nodes with a minimum distance of Δd between them (sentences (iii) to (ix)). In this work, Δd = 0.2 m was adopted. Also, the representing frontier point from a set of consecutive frontier points will be the mean point, as it is shown in Fig. 6 .a. Sentences (v) to (vii) in Algorithm 1 show the angle windowing procedure. This procedure is necessary to avoid situations like the one shown in Fig. 6 .b, where the mean frontier point could carry to a non navigable path. Thus, considering that the laser sensor can take 181 measurements from 0 -180 degrees then, the current range length (sentence (iii)) will determine the size of the window where a mean frontier point will be seek. As it is shown in Fig. 6 .c, as smaller is the range length, more angles will be taken into account in the windowing. In this work, the function that manages the size of the window is a linear function. This function ensures that the number of angles of the laser involved in the frontier point detection will cover a neighborhood equal to the width of the wheelchair -see Fig. 6 .c-. Thus, for example, if the range of the laser is set to 1 m, i.e., the frontier points remain at a distance of 1 m from the wheelchair, then approximately 30 degrees will be needed to cover the width of the wheelchair at that distance. The angle windowing starts at 0 degree and searches for a mean frontier point between 0 and 30 degrees. Then, the window moves one degree and searches in the interval of Fig. 6 . Considerations about the Algorithm 1; a) Two mean frontier points are found. Each of them belongs to a set of consecutive frontier points. b) Nodes generation without angle windowing considerations. The path generated could be non navigable. c) Two examples of the angle windowing. When the range of the laser is close to the wheelchair, the window covers a higher number of degrees than when the range is longer.
1 to 31 degrees. This procedure is repeated until the 180 degrees of the laser are covered. From all the mean frontier points obtained at this instance, the closest mean frontier point to the last node of the path will be chosen as the current node. Figure 7 .a-b shows an example situation of the path planning whereas Fig. 7 .c shows a final path with the secure navigable zone given by the angle windowing procedure. The fact that the path generation is a dynamic procedure which is updated every time the vehicle reaches a node allows moving-obstacle avoidance -e.g. a person temporarily blocking the doorway-. This is due to the fact that, as will be mentioned in the following section, the position of the door remains stored in the SLAM system state. According to this, the vehicle does not lose its navigation´s objective. Nevertheless it is worth mentioning that this avoidance procedure is restricted to obstacles that are not totally blocking the doorway.
SLAM Algorithm
The SLAM algorithm implemented in this work is a sequential EKF feature-based SLAM (Thrun, S. et al., 2005) . The features extracted from the environment correspond to lines and corners -concave and convex-. The system state is composed by the vehicle estimated pose, the doorway's position and the features of the environment. For visualization and map reconstruction purposes, a secondary map is maintained. This secondary map stores the beginning and ending points of the segments associated with the lines of the environment. Thus, the secondary map allows finite wall's representation. The secondary map is updated according to the feature correction in the SLAM system state, and if a new feature is added to that system state, it is also added to the secondary map . Equation (3) shows the system state structure and its covariance matrix. All elements of the SLAM system state are referenced to the fixed coordinate system. , , ,
is the system state estimate; (Thrun, S. et al., 2005) was implemented in order to reduce computational costs. As was stated before, corners are defined in the Cartesian system whereas lines are in the polar system. Equations (4) and (5) show the features´ models from a local reference frame attached to the mobile robot. In (4) w R and w β represent the gaussian noises associated to the corner model; xcorner and ycorner are the Cartesian coordinates of the corner. In (5), wρ and wα are the gaussian noises associated with the line parameters. The method used for line and corner extractions corresponds to adaptive clustering algorithms and can be found in (Fukunaga, K., 1990; Garulli, A. et al., 2005) . Figure 8 shows the meaning of each variable presented in (4) -(5). Remark. One important use of the map stored by the SLAM is in the obstacle avoidance procedure. When a moving agent partially blocks the door, only a partial information of the door is obtained by the sensor laser. The rest of the information of the door is obtained using the map.
Adaptive Trajectory Tracking Controller
It is important to consider the vehicle's dynamics in addition to its kinematics because wheelchairs carry heavy loads. One characteristic of the control law based on the dynamic model is that the control signals are related to accelerations and not just to velocities as in the control law based on the kinematic model. Therefore, the resulting movements are more smooth using the first control law. There are many proposed control laws based on the dynamic model in the mobile robot literature that can be used to control a robotic wheelchair. One of the approaches used to design the control laws is that based on feedback linearization . This control approach has good performance; however, it depends on model parameters. When model parameters are unknown, an adaptive control for adjusting these parameters is required (Barzamini, R. et al., 2006) , . The adaptive tracking control of the robot system is based on . In that work a switching adaptive trajectory tracking controller based on the dynamic model is proposed. This controller is briefly described in the following subsections.
Dynamic model
The mobile robot is illustrated in Fig. 2 , where h= [x y] T is the point that is required to track a trajectory, u and ω are the linear and angular velocities, ψ is the heading of the robot, and a is a distance from the center of the axle to the point of control of the robotic wheelchair. 
θ is the i -th model parameter that is a function of mass, moment of inertia, motor parameters and parameters of the low level servo control, and uref and ωref are the linear and angular reference velocities. Generally, these reference velocities are common input signals in commercial robots. Therefore, to keep compatibility with other autonomous vehicles, it is useful to express the robotic wheelchair model in a suitable way by considering linear and angular reference velocities as control signals.
Tracking control
The tracking control is ˆ( )
where:
K1 and K2 are 2x2 definite positive diagonal matrices, hd(t) defines the desired trajectory, ˆi θ is the i-th estimated parameter.
Adaptive law
The adaptive law is 1
KA is a 6x6 definite positive diagonal matrix. The matrix P is defined as follows: P = PT > 0 such that ; 0
and I is an identity matrix.
Projection algorithm
Some values of estimated parameters need to be avoided. high control error at the beginning of a trajectory leads to high accelerations of the mobile robot. In some applications, such as wheelchair control, it is very important to avoid high accelerations. The parameter updating law works as an integrator and, therefore, can cause robustness problems in case of measurement errors, noise or disturbances. One possible way for preventing parameter drifting is by turning off the parameter updating when the control error is smaller than a boundary value. This is done in the switching scheme.
Implementation results
In this section, the implementation results of the entire system are shown. The experiments were carried out at the Electrical Department of the Federal University of Espirito Santo, Brazil. The robotic wheelchair, is equipped with a range laser SICK ® . The maximum range adopted was of 10 m; the sampled time of the system was of 0.1 seconds; the models of the vehicle and the features are the ones shown in (2), (4) and (5). The point of control h -see Fig. 2 -is located at 0.7 m from the center of the wheels axle. All implementations, integrating doors detection, dynamic path planning, SLAM and trajectory control, were real time realizations.
Path Planning and Obstacle Avoidance Results
The dynamic path planning based on successive frontier points -as presented in the previous section-allows obstacle avoidance when, for example, a moving agent partially blocks the door. Figure 9 shows this situation.
As it is shown in Fig. 9 , the dynamic path planning gives certain autonomy to the vehicle navigation allowing to avoid moving obstacles. Considering that the door is treated like any other feature of the environment and its coordinates remain in the SLAM system state, the target is not lost and the path can be changed. Figure 10 shows two representative cases of the SLAM algorithm applied to cross-a-door problem in this paper.
SLAM Results
As it is shown in Fig. 10 , the number of features of the environment is relatively low. As a consecuence, the processing time of the system is not compromised. The vehicle shows a smooth and stable navigation. It stops its motion once the door is reached. In Fig. 10 , raw laser measurement are drawn with yellow points; lines -representing walls of the environment-are represented by solid black segments; the beginning and ending point of each segment -extracted from the secondary map-are represented by red crosses and the corners of the environment are green circles. The path travelled by the vehicle is drawn with solid red line. As it is shown in Fig. 10 , the SLAM system state is consistent Fig. 9 . Obstacle avoidance during the navigation. The path travelled by the vehicle is drawn in red dashed line. with the control law implemented, directing the vehicle's movements to the detected door of the environment. Up to this point, the implementation of an SLAM algorithm to provide the vehicle pose to the controller could be replaced by an EKF feature-based localization algorithm (Siegwart, R. & Nourbakhsh, I. R., 2004) but in this case, the map obtained will not be useful for further navigation purposes due to non-minimized errors of the features.
BCI Results
The BCI used in this work was tested in a population of 25 cognitive normal people. They have shown an average time of 15 minutes in learning how to command de BCI generating the approatiate ERS/ERD signals, and to drive the robot. Figure 11 shows the statistical result of the average learning time experiments.
Conclusions
An efficient solution to the cross-a-door problem for a robotic wheelchair governed by a Human-Machine Interface was proposed. A dynamic path planning algorithm based on successive frontier points determination, an adaptive trajectory tracking control based on the dynamic model and an EKF feature-based SLAM are used in the entire system. The SLAM allows the map reconstruction of the environment for future safe navigation purposes -e.g. when an obstacle temporarily blocks the doorway-and provides vehicle's pose information for the trajectory controller without using odometric data. The entire system was evaluated in real time realizations. Common situations as obstacle avoidance and different kind of doors were considered in the experiments.
In future works, a passageway navigation will be integrated with this system and analyze the navigation from one room to another.
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